In Drosophila melanogaster, fruitless (fru) encodes malespecific transcription factors (FRU M
M -and CNS FRU
M -regulated sets; Table S1 available online), when FRU M is at highest abundance [9] . Transcripts from two fru P1 genotypes (fru 440/P14 and w; fru w12/ChaM5 ) were compared to two wild-type strains (Canton S and w Berlin, respectively). Each experiment included at least four replicates, and all showed high correlations and similar numbers of expressed genes (Table S2) . Transcripts from 236 and 94 genes show significant expression differences in the pupae or CNS, respectively (q < 0.15, moderated t test, Table S3 ).
Genes in the Ecdysone Hierarchy Are Overrepresented among Genes Downstream of fru P1
Genes functioning in the ecdysone pathway were significantly overrepresented in the gene sets identified as regulated downstream of fru P1, based on comparisons to previously identified ecdysone-regulated gene sets (Table 1) [10] [11] [12] . This includes genes regulated downstream of EcR in pupae (129 genes), genes regulated downstream of ecdysone in larval organ cultures (30 genes) , and genes known to function in the ecdysone pathway (8 genes) (1.4-, 1.8-, and 5.4-fold enrichment over what is expected at random, respectively, p % 0.001; Table 1; Tables S4 and S5 ). Additional microarray experiments examining expression when a FRU M transgene with either the A, B, or C DNA binding domain was overexpressed identified 156, 116, and 109 genes, respectively (q < 0.05, fold difference > 2, Table S6 ); each of these sets was significantly overrepresented with genes regulated downstream of EcR or ecdysone (Table S7 ) [10] .
Given this observation, the presence of ecdysone receptor binding sites (EcREs) in regulatory sequence was determined for genes regulated downstream of fru P1. A significant overrepresentation is observed, with 92/317 genes containing an EcRE (1.2-fold enrichment over what is expected at random, p = 0.014, hypergeometric test). The regulatory region of the fru locus contains three EcREs, which together with the observation that fru was found to be expressed downstream of EcR in pupae [10] suggests that ecdysone receptor may regulate fru P1, ultimately regulating expression of some downstream target genes.
EcR-A and EcR-B1 Are in fru P1-Expressing Neurons EcR isoforms have distinct temporal and spatial expression patterns in the CNS ( Figure S1 ) [13] . Examination of coexpression patterns of EcR-A and EcR-B1 with FRU M demonstrated that EcR isoforms are in few FRU M -expressing cells in white prepupal (wpp) brains ( Figure S2 ). By 48 hr APF and through the adult stage, no colocalization is observed between EcR-B1 and FRU M in the CNS (Figure 1 ; Figure S2 ). All of the examined FRU M -expressing brain neurons, and most ventral nerve cord (VNC) neurons, coexpress EcR-A at 48 hr APF and 0-24 hr adult stages in regions previously described (Figure 1; Figure S2) [9, 14] . Several cells in the abdominal ganglion express FRU M , but not EcR-A.
Reduction of EcR Function in fru P1-Expressing Neurons Affects Male Courtship Behaviors
EcR function was reduced in fru P1-expressing neurons and male behaviors were assayed by the courtship index (CI) and wing extension index (WEI, Figure 2 Figure 1A ) [15] . Males of one experimental genotype showed a small but significant reduction in malefemale WEI (p < 0.05, ANOVA and post hoc U tests), but no flies of experimental genotypes had significant differences in CI. Males of several experimental genotypes showed significant and substantial increases in male-male WEI and CI (p < 0.05, ANOVA and post hoc U tests). This effect was due to reduction of EcR-A, but not EcR-B1, function ( Figure S3 ). Similar results were obtained with a different fru P1-GAL4 strain (Tables S8  and S9 ) [16] . Number of genes identified here and that were also identified in previous experiments examining ecdysone and/or EcR-regulated gene expression [10] [11] [12] . Significance of the overlap was determined with a hypergeometric test. ''EcR-regulated 24 to 4 hr APF'' refers to genes identified as downstream of EcR at 24, 0, and 4 hr APF [10] . ''Ecdysone-regulated 3rd instar organ culture'' refers to genes identified as regulated downstream of 20-hydroxyecdysone in cultured 3 rd instar larval organs [10] . ''EcR-regulated 0 and 5 hr APF mushroom body'' refers to genes identified as regulated downstream of EcR in mushroom body at 0 and 5 hr APF [11] . ''EcR-regulated 218 to 2 hr APF midgut'' refers to genes identified as regulated downstream of EcR in midgut of 218 to 2 hr APF [12] . The other studies employed microarrays that included 11,983 and 11,741 genes that were present on our array platform ( [10, 11] and [12] , respectively). The ''61 verified genes'' were deemed ecdysone-regulated if protein or mRNA levels were shown in a primary reference to be ecdysone-responsive in Drosophila cell lines, tissues, or whole animals (Table S4 ). Tables S8 and S9 for average CI and WEI and statistics. males during development, adulthood, or all stages, a significant increase in male-male courtship was observed with transgene expression during development or all stages (p < 0.05, U tests; Figure 2G ; Tables S8 and S9 ). Reduction of EcR function throughout all stages caused higher levels of male-male courtship than did reduction only during development. Male-male courtship did not significantly increase when UAS-DN[EcR]-3 expression was restricted to the adult stage. This indicates that the male-male courtship phenotype is primarily due to reduction of EcR function in fru P1-expressing cells during development and is enhanced by combined reduction during adulthood.
A study that examined males with a temperature-sensitive EcR allele demonstrated that male flies shifted to the nonpermissive temperature at adult stages displayed increased malemale courtship [17] . The apparent difference between the results might be explained by an additional adult requirement for EcR outside of fru P1-expressing cells. Also, the temperature-sensitive allele of EcR might have caused developmental phenotypes in fru P1-expressing cells at the permissive temperature, which were enhanced by shifting to the nonpermissive temperature at the adult stage.
Reducing EcR Function in fru P1-Expressing Neurons
Decreases Glomeruli Size fru P1-expressing olfactory receptor neurons (fru P1-ORNs) are required for the sexually dimorphic size of antennal lobe glomeruli (DA1, VA1lm, and VL2a) [16] . Because mate discrimination has an olfactory component, EcR isoform coexpression within fru P1-ORNs was examined at 48 hr APF. All fru P1-ORNs coexpress EcR-A and EcR-B1, each having similar levels of expression of the respective EcR isoform, though expression of EcR-A appears higher than EcR-B1 throughout the antennal segment (Figure 3 ; Figure S2 ). All glomeruli innervated by fru P1-ORNs in the adult are innervated by 48 hr APF (Figure 3) , suggesting that all third antennal segment fru P1-ORNs innervating antennal lobe glomeruli also express EcR.
Antennal lobe morphology was examined in flies where fru P1-GAL4 drove expression of UAS-EcR transgenes that reduce EcR function, and volumetric analyses were performed (Figure 3 ; Tables S10 and S11). The volumes of two fru P1-ORN-innervated glomeruli, DA1 and VA1lm, were significantly smaller when EcR-A, but not EcR-B1, function was reduced (p < 0.05, ANOVA and post hoc t tests; Figure 3 ). Flies expressing the transgene causing the highest levels of male-male courtship (UAS-DN[EcR]-3) had the smallest DA1 and VA1lm volume, which are the two glomeruli with the largest sexual dimorphism [16] . No significant changes in size were seen for the VL2a and VA6 glomeruli, which are also innervated by fru P1-ORNs. This is perhaps because these glomeruli do not show substantial differences in volume between wildtype males and females and the largest reduction in volume observed above never results in glomeruli smaller than what is observed in females [16, 18] .
To determine whether these decreases in glomeruli volume are due to a general requirement of EcR, and not a sex-specific effect, the volume of female glomeruli innervated by fru P1-ORNs was analyzed. Expression of the transgene with the largest effect in males (UAS-DN[EcR]-3) resulted in no reduction in volume (Figure 3 ), suggesting that in male fru P1-ORNs, EcR-A, which is not sex specific, may act with FRU M , or some other male-specific factor, to affect glomeruli volume. The reduction of glomeruli volumes may also be due to effects from the fru P1-expressing projection neurons (PNs) innervating these glomeruli; all fru P1-expressing PNs examined express EcR-A (data not shown).
Reduction of EcR-A in fru P1-Expressing Neurons Affects Gene Expression EcR-A levels were reduced in fru P1-expressing neurons in CNS tissues from wpp, 48 hr APF, and 0-24 hr stages, and gene expression was examined by means of microarrays (EcR-A/fru P1 gene sets; Tables S1 and S2). Previous studies have shown that two distinct high-titer ecdysone pulses coincide with wpp and 48 hr APF stages, but not the adult stage (reviewed in [6, 19] ). Here, the numbers of differentially expressed genes correlate with levels of ecdysone hormone, with a higher number of genes identified during wpp and 48 hr APF stages (176 and 166 genes, respectively) as compared to adults (36 genes; Figure S4 , Table S12 ).
Significant overlap between genes expressed downstream of fru P1 and the wpp and 48 hr APF EcR-A/fru P1 gene sets was observed (p = 0.01 and 0.019, respectively, hypergeometric test; Figure S4 ). Additionally, there was significant overlap among the wpp and 48 hr APF EcR-A/fru P1 sets and previously identified sets of genes regulated downstream of EcR (Table 1 ). The observation that more genes are regulated downstream of EcR-A during development, as compared to adult stages, is consistent with the behavioral experiments above that demonstrated that male-male courtship phenotypes require a reduction of EcR-A function during development.
broad (br) is directly regulated by the ecdysone receptor (reviewed in [20] ) and is necessary for CNS development [21] [22] [23] . Here, br expression is significantly increased in wpp CNS in males with reduced EcR-A function in fru P1-expressing neurons (Table S12) . Colocalization of BR with FRU M is observed in the CNS at three time points (wpp, 48 hr APF, and adult; Figure S4 and data not shown), further confirming that the ecdysone hierarchy functions in fru P1-expressing neurons during development.
Discussion
This study demonstrates that the ecdysone hierarchy, in concert with FRU M , helps establish the neural circuitry required to prevent male-male courtship. Genes regulated downstream of FRU M are also regulated downstream of ecdysone or the ecdysone receptor and contain an enrichment of EcREs in their regulatory sequence. EcR-A, but not EcR-B1, is expressed in many FRU M -expressing neurons throughout development, and reduced EcR-A in fru P1-expressing cells results in malemale courtship and reduced glomeruli volumes.
Males with reduced EcR-A in fru P1-expressing neurons display normal courtship behavior toward females, suggesting that the neural circuitry is largely unaltered. Nevertheless, finescale morphological differences may underlie the male-male courtship phenotype, consistent with the observed reduction in volume of DA1 and VA1lm glomeruli. This difference may cause a defect in processing sensory information, such as the male-specific pheromone cis-vaccenyl acetate detected by ORNs that synapse on DA1 glomeruli [24] . Here, flies of the genotype that showed the strongest male-male courtship phenotype showed the most substantial reduction in glomerulus volume. Identifying the causes of this male-male courtship phenotype, which our results suggest may be due to deficits in antennal lobe glomeruli but may also be explained by additional sensory or higher-order processing defects, will provide insight into how neural substrates that underlie complex behaviors develop.
Our data suggest that ecdysone, through EcR-A, provides temporal input to the development of the spatially restricted fru P1-expressing neurons, directing the precise timing of sex-specific development. EcR-A appears to primarily function in fru P1-expressing neurons during periods of high ecdysone titers, given that the reduction of EcR-A function results in more genes with transcriptional changes at stages of metamorphosis than the adult stage. Moreover, reduction of EcR during development, but not during adulthood, leads to increased levels of male-male courtship.
Three non-mutually exclusive models are proposed for how EcR and FRU M might coordinate to regulate gene expression ( Figure S5 Further investigation of the identified genes will provide insight into how these two independent genetic-regulatory hierarchies coordinate the large-scale changes that remodel the nervous system during metamorphosis, setting the stage for the performance of adult behaviors.
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